of the vibration, performance, flutter, and forced response of the large-scale propfan,
There is also good agreement between calculated and measured blade vibratory strains due to excitation resulting from yawed flow for the SR7A propfan.
The similarity of structural and aeroelastic results show that the SR7A propfan properly simulates the SR7L characteristics.
INTRODUCTION
One of the major research and technology programs at NASA Lewis Research Center is the advanced turboprop program (ATP).
The goal of this effort is the development of turboprop (also known as propfan) propulsion systems which would have significaht gains in fuel economy over turbofans without sacrificing aircraft performance (ref. l) . An important phase of this program is the largescale advanced prop-fan program (LAP).
This program is a joint effort between NASA and Hamilton Standard, and involves the development and fabrication of a complete eight-bladed, 2.743 m (9 ft) dlameter propfan rotor (SR7L).
The SR7L propfan that is being used in the LAP program is designed for a cruise Mach number of 0.80 at an altitude of I0.66 km <35 000 ft), with a rotational speed of 1700 rpm ( fig. l) . In support of the flight test program for the SR7L, a scaled 2/9 model (SRTA) of the propfan was built prior to the actual construction of the SR7L propfan.
The model is 62 23 cm (24.5 in.) in diameter and was designed to have the same structural dynam!c and aeroelastic characteristics as the SRTL propfan.
The SR7A propfan has been tested in the NASA Lewis Research Center (LeRC) 8x6-foot wind tunnel ( fig. 2) .
Testing of the SR7L propfan is The forced aeroelastic response of the propfan blade due to off-axls flow is an extension of the aeroelastic stability problem. Motion dependent aerodynamic forces at the reduced frequency corresponding to the rotational frequency of the rotor are included in the equations governing the response. Motion independent aerodynamic forces are used as forcing functions. These forces are based on a one-per-rev excitation due to a flow field inclined with respect to the axis of rotation.
The forced response is calculated in terms of the generalized coordinates associated with the blade's normal modesand can be output as vibratory displacements, strains, or stresses.
RESULTS ANDDISCUSSION
The structural dynamic and aeroelastic codes described above were used to analyze the SR7Aand SR7Lpropfans. The results for the propfans are presented in following order:
(1) comparison of the blades' modeshapes at an equivalently scaled rotational speed: (2) comparison of measuredand calculated blade frequencies over a range of rotational speeds; (3) comparison of measured and calculated aerodynamic steady performance; (4) comparison of the propfans' damping plots and cascade effects on stability;
and (5) comparison of SR7A's measuredand calculated forced aeroelastic response.
Frequencies and ModeShapes
To establish the validity of the finite element blade models, the calculated frequencies were comparedwith experimental values. Frequencies and corresponding modeshapes were calculated over a range of speeds and comparedwith those presented in references I0 and II. Note that the calculated frequencies do not include the effect of steady airloads. The blades exhibit very similar modeshapes. The first modeis predominantly a first bending modewith fairly evenly spaced contours in the upper half of the blade. The spanwise view shows the motion to be primarily normal to the blade. The second modeis predominantly a first edgewise bending mode, with most of the motion occurring near the tip in the chordwise direction.
The third modecan be classified as the second bending mode, since there is a generally chordwise nodal line near the tip.
The fourth modecan be classified as the first torsional modesince there is a midchord nodal line.
The fourth mode showsthe greatest difference between the two blades, with the SR7Anodal line aft of the SR7L's.
Figures 7 and 8 showthe comparison of the measuredand calculated frequencies for both blades over a range of rotational speeds. For the SR7A blade, there is generally good agreement at the scaled design speed (7484 rpm) and wind tunnel test speed (8400 rpm). The calculated fourth mode(first torsion) is softer, but within acceptable limits (<I0 percent). The SR7Lfinite element model shows good agreement at the first, third, and fourth modesat the design speed (1698 rpm). The calculated second mode is much stiffer.
However, since this is the edgewise mode, it will not have much influence on the aerodynamic forces. Also, this mode is the most sensitive to the support stiffness used in the finite element model, and therefore very difficult to model accurately (ref. 9). Figure 9 showsa modified Campbell diagram to give a comparison of the two blades' calculated frequencies.
Since the rotational speed ratios are inversely proportional to the blade diameter ratios, multiplying the frequencies by the tip radii would negate the size effects (ref. I0).
The SR7Ablade scaled frequencies are slightly higher than the SR7Lblade scaled frequencies.
However, the scaled frequencies are all within I0 percent of each other.
Considering the complexities involved in modeling, designing, and constructing these composite blades, the agreement between the scaled frequencies is excellent.
Aerodynamic Steady Performance
Wind tunnel performance tests of the SR7Apropfan were conducted in the NASALewis 8-by 6-ft Wind Tunnel (ref. 14) . Figure I0 shows a comparison of the test results with the calculated SR7Aperformance. Both the analyses and the test were conducted at a constant freestream Mach numberof 0.60, with the rotational speed varying from 7834 rpm (advance ratio J = 2.5) to 4897 rpm (advance ratio J = 4.0). The test blade's 3/4 span setting angle was measured to be 60.2°for a nonrotating condition.
For comparison, the performance results were calculated based on undeformed, cold blade shapes.
The calculated results showgenerally good agreement with the test results, although the correlation with the experimental setting angle seemsto worsen with increasing advance ratio.
However, for the test conditions shown, the angle of the relative air velocity at the 3/4 blade radius chord, with respect to the blade, decreases as J increases from 2.5 to 4.0. Thus, it can be argued that the blade will untwist, i.e., setting angle decreases, as the advance ratio increases. Therefore, there is good agreement between calculated and measured results at lower blade setting angles with higher values of J.
A second study, using the SR7Lblade, examined the effect of the blade's steady, deformed shape on the calculated performance. This was done because the performance values are very sensitive to the blade setting as demonstrated by the experimental results in reference 13. For the constant blade setting angle shown in figure I0 , the calculations do not include the effects of centrifugal loads nor steady airloads on the blade's steady state configuration. Instead, changes to the blade setting angles were done through rigid body rotations about the blade span. A better approximation of the blade's deformed shape can be obtained by adding deflectioms due to both centrifugal and aerodynamic loads to the nonrotating blade geometry. Figure II shows how the SR7L's blade 314 radius setting angle changes and converges through four iterations, for two different advance ratios.
The setting angles are shown normallzed by their nonrotating, cold shape value.
The effective Mach numbers at the blade tip are 0.97 and 0.87 for J = 3.6, and J = 2.2, respectively.
Just the centrifugal effects can be seen in the first iteration.
The amount of blade untwist is greater at J = 2.2 since the rotational speed is higher than that at J = 3.6. The remaining iterations show the effect of combined centrifugal and aerodynamic loads.
Introducing the aerodynamic loads increases the blade twist. The aerodynamic effects are shown to be more significant for the higher advance ratio, primarily due to higher effective air velocity.
In fact, the calculated aerodynamic loads are shown to completely offset the centrifugal untwist and increase the final blade setting angle. Figure 12 shows the effect of the aeroelastic iterations on the calculated SR7L performance parameters.
The purpose of the calculations was to converge to a given power coefficient based on a fully loaded blade, starting from a cold shape blade setting angle.
The initial starting point was made on a trial and error basis.
Comparisons were then made between calculated and measured thrust and power coefficients for three test cases (ref. 15) . Results are shown, and labeled, for the calculated performance values corresponding to the iterations described in figure II. The damping values shown in the above figures are considered to be conservative, since neither material nor friction damping due to the hub constraint have been included in the analysis.
Additional system damping would only have a stabilizing effect.
From these results, it is concluded that the SR7L propfan is free from flutter at the design point.
Cascade Effects
To illustrate the effects of cascade aerodynamics on blade stability, parametric studies were made varying the number of blades in the SR7A propfan model. Figure 15 is an example of a root locus plot for the first mode. This figure shows the phase relationship betweeq blades by plotting the imaginary part of the system eigenvalue, i.e., the damped natural frequency, against the real part of the eigenvalue, which is an iqdlcator of the system stability. It demonstrates the de-stabillzing influence of the cascade effect, as the length of the semi-major axis of the ellipse increases with additional blades. Also note that the aeroelastic frequency is being reduced with increased blading. An indication of the robustness of tee first mode stability is shown by the fact that the system remains stable even with increased blading. Although not shown, the fourth mode also dlsplays t_e same trends by remaining stable with increasing blading.
These results are consistent with the calculated cascade effects found on the SR7L propfan (ref. 9).
Forced Response Results
Recently, the ASTROP code was expanded to include the capability to perform forced vibration analysis of aerodynamically excited propfans. By yawing the propfan's axis of rotation with respect to the air flow, the blades' angle of attack change at a one per rev frequency, causing periodic aerodynamic loading on the blades.
The capability to accurately predict these loads and blade response is critical to the successful design of propfans.
The SR7A propfan was tested at the NASA-Lewls 8x6 foot wind tunnel for one-per-rev (IP) response. One blade was strain-gaged to measure vibratory response due to the aerodynamic excitation.
One test case from the report (ref. 16) describing the vibratory response tests was selected with which to compare analytical predictions.
A subsonic case was used since only a subsonic, forced response version of the code was available at the time of this study.
The test operating conditions were used as input for the ASTROP code. These include inflow angle, freestream velocity, air pressure, rotational speed, and blade setting angle.
In addition, frequencies, mode shapes, and modal strains were recalculated at the test speed. Table I shows the comparison between the measured and calculated IP vibratory strains for three different strain measurement locations from the one test case.
The range of strains from the analysis is the elemental vibratory strains in the immediate vicinity of the strain gage location.
The analysis has generally good agreement for the mid-blade location, but predicts lower strain in the tip region.
The degree of agreement of the analytical results is consistent with that presented in reference 8 for another composite blade, SR3CX2; and for the metallic blade, SR5.
In those cases, better agreement between measured and calculated strains occur at the in-board location rather than at the tip.
This demonstrates the difficulty in accurately modeling the tip motion and its effects on tip aerodynamic loading.
Another factor that affects the analytical predictions is the material modeling of the composite blade.
Modeling of the composite material is done over a larger area, and will tend to average out the material property values. This is particulary important in the spar/graphite interface areas, such as the tip, where two dissimilar materials are modeled as one, averaged, monolithic element.
SUMMARY OF RESULTS
An investigation of the vibration and aeroelastic characteristics of the SR7A and SR7L propfans has been performed using finite element models of the propfan blades and a three-dimensional aeroelasticity code. Analytical results were compared with available measured data to validate the analysis. The results show that: I. With the exception of the edgewise mode, there is generally good agreement between calculated and measured frequencies.
The analytical mode shapes of the SR7A and SR7L blades are very similar.
Scaling the natural frequencies by the tip radius show that the SR7A blade matches the dynamic characteristics of the SRTL blade very well.
The aerodynamic
performance calculations show good agreement with the test results for two specific cases, and, in general, match the proportionality relationships between thrust and power coefficients for that operating condition.
Performance results are quite sensitive to the blade setting angle.
4. Cascadeeffects are appreciable for the SRTApropfan, as for the SR7L propfan. Increasing the number of blades decreases the frequency of the lowest dampedmode, and decreases the amount of system damping, although the system does remain stable at the design operating condition. 5. Forced response calculations for the SR7Apropfan showbetter agreement at blade mid-span than at the tip; an observation consistent with analyses of other propfans. 6. Basedon the good agreement between the analytical results for the SR7Aand SR7Lpropfans, with respect to structural modal characteristics and aeroelastic behavior, the SR7Apropfan properly simulates the SR7Lbehavior. 
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